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THE HEAT OF WETTING OF
ACTIVATED BILICA GEL

The strueture of silfen gel has been rather definitely
shown by Fells and Firth (J.Phys.Chem,,29, 241 (1925)), snd
Jones (J.Phys.Chem., B9, B8Y[1985)) to consist of capillavy
poren ereating an snormous surfacse and internal velume and
giving S0 & gel the ability of sorption (adsorpiion and
absorpion)s 4As this lavge surfade has aspocisted with it
a greut amwmﬂﬁ‘at snergy, destruction of thie surface by
water will give a heat effect whether 1t is don¢ by water
vapor or water liguid. 7o partially destroy this surfsee in
stepn and to measure the remaining surface energy was the
parpose of this work,

As a means ¢f pardielly destroying the surfsce of the
gel ite waber content was varied by either adding or remowing
watey from 1%, This variable water wae sssumed to be evenly
fistribated over the surface a8 regerds the lowering of surface
enerays The surface of the gel can have active peints or centers
which under the above assumption would be oovered by a deeper
layer of water than the lese setive cenbtere. This would
allow a surface %o ﬁennlﬁ having a uniformly exposed surface
snergy oy vaper pressurd, To allow distilletion from points
of higher vapor pressure to those of lower vapor pressure



and $o allow this conditicn 6 reach eguilibrium with iteels
and with the veaper in whieh it i» piaced requires tims and
abgenae of interfering agencies such as air and changing
teaperature,

The regulation of the water wvapor presgure in a elossd
system by the ume of sulfurie aold solution as the econtrolled
souree of water vapor wes used In the experiments of Zsiguendy,
Baohaman and Btevensen (Z.mmnorgs Chem,75,189{1912)), van Bemmelen
(Zeanowgs Chem, ,30,265(1908)), and Andersen (Z.physik,Chem.,
88, 191(2914)) in thelr work on silieis actd gels, Thene
iaventigatows determined a curve for the adsorption and
desorption of water vapor by fresh silics gel and found a
hysteresis effest. Pabrick and Welavack (J.AmiChem.Boo.,48,
946 (1980)) observed ne hysteresis in their investizations
of the sdsorpiion of sulfur dtoxide on 2ilieca gel end aseribed
hysterosis offect to the presence of eir. Iater, Patrieck
(Collodd Syms Mono.,7,189 (1929)) ohserved no hysteresis
tn the adsorpiion and desorpiion curves for water wvapor on
silion gels Ray and Ganguly (Faradey So0e.,30, 997(1984))
found & hysteresis effect with water vapor on gel in their
experiments carried out et high vaouum,

Iawb and Coolidge (J.Am.Chem:Soa,,48,1146(1920)) ana
Harkine and Bwing (JeAm.Chom.moe, ,48,1787(1921)) exprsssed
the opinion $hat vapore sdsorbed on an adsoerbent were hell
there under an ensryumscus pressure, Land and Coolidge caleulated
$hat the heat developed in excess of the heat of condensation



was dus 0 compreceion. Harkina and Bwing indiceted that
the surfove snergy of an sldsorbent ie the meat of great energy
and oaloulated o value of over 20000 asmospheres prewsure
nolding adeorbed molesulea on & surface of carbon. Coolidge
{7 enme Chamy So0s (48,1796 (1926]) later decided that his high
value for sonpression was teo high and instead of stating
that net hend of edmorpbion was due %o compression deoided
on u eorrels¥ien with Pelanyl's theery and deskruction of
surfecss Patriek and Orims (JeAn.OhemsB00y,43,2144(1921)
ﬁngﬁumntenﬂtha ares sxposed by 1 g« of silies gel frem heut
of wetting measurements on the theory that the gel exhibited
a watoy mur#amﬂ‘aa@,iha heat «valv&é developed from destruetion
of the tolel eurfecs emergy of this water surfaces ' Patriok
snd Oredder (JoPhye.Chems,58,3021 (L925)) determined the
heat of webbing ef silion gel by water vapor st saturation et
0%Cy and results obtained were in agreement with the cslculations
of tobta)l surfase endigy yleldlng the net heet of sdsorption,
There sppeara 0 be enough agrosment betwsen net heat of
adsorphion and heat of wekting to indloate that the twe ave
$he ssme phencwsens, In ﬁhiﬁl"gf“.t&” Lamb and Coolidge
empivricnl equation of H « KX nhgmlﬁvanply to heats of
adsorption saleulated from heahe a£5wwt#&ng date and heads
of condensationy

Three ocumuon workable eguations for indioating adsorption
by & sireight line on a log«log greph are: the well known

‘ | i/n
Freundlieh Adsorption Imotherm Equation of X/M % XP / $



Patriok's Uspillary Gunaaaaation mquatten somewhat equivalent $o
Freunidlioh's ¢f v/X = z(?a/?a) § and Oregz's adaptation at
Patriek's Copillary Condensation Bguation of V/M 2 K{E/P”?)

Three widely acovepted theoriesn of adsorpiicn are namely
langmuaiz's monomoleonlar layer sdeorption, Zeigmondy's capillary
sondensation, and Polanyi‘e multimoleculay laysr sdsovption.
Langmuir states that hie theory is {nsecurnte when dealing with
ynmwgn'h¢ﬂ£na and application of Zeigmendy's theory is limited.
It is doubiful vhebher with sur present knowlelge the abeve
thesries van be correobly applied but with some of the data
given in this experiment a new theory whioh combines the three
preceding ones end thal theory whish predicts s layer ¢f molesules
five or six deep negessary %o sompletely wet a eurfase (Chemberlain,
Phyes Reve, 31, 170, {1220)) is postulateds

EXPERIHMINTAL

Apperatuss~ The sleastrieally calibrated adiasbatie
calorimeter including iis awmeaﬁ»ri&s ingerporated most of
the fentures of calorimeders of previoue investigators
(Willsams & Daniele, J¢ Amy Chems Socs, 46,903 (1924)), (‘mmg
& Cellaborators, J» Am, Chems Soes, $4,1356 (1932)) and (WP,
White, JuAms Chems Soos 3§, 8292 (1514)). @h@ assesso ten
tnoludsd a niehrom heating element aith heavy sopper lead wires,
a twonty«four souple edppar-sonstanisn thermopile, an five degree
Beokmann thermometer, & melnllie four paddle hlade stiyrer
with a glees ghaft, and an eepealally designed supﬁar% fcr the
alhay



wh» nichrom heating Qltmant‘waa Pive sentimeters in
length wolded and soldered %6 Swo heavy eopper lesd wires
whioh were aonted with an insulabing shella¢., The thermopile,
uuumaaﬁug %o » Teods and Northrup wall $ype galvanometer
sensitivity +Ol4 miercampere, indisaded temperature differences
between the Lmney ¢qla§imwtax-ana puter batk, The thermesouples
were onoh welded and then insulated with & hin coebing of
spooial shellae, Phe support for the bulbe wes a very lighs
metxllis gvadle with a shearpened ecrew for breaking them and
the whele ssemdbly held 4in the ecalorimeter by a glass tube
through which & gless rod operated ag a means of tightening
or loesening the sorews

 Two beokmany theprmemeters, one inserted in the inner

eflvered calorimeter end ome in the outer sopper sulfate
Bath were read by ean adjusteble eye pilece elamped o their
stens, | |

The imner and outer stirrers for the inner calorimeter
ocup and copper sulfake solubion respestively were powered
by 88 AeCys 1850 rypom, motors The relative speeds of the
two stirrere oould be regulated by means of adjustable pulley
vwheelg, e

The calorimeter oup wae turned vut of a brass hla&k
givivg walle .7Tum, thiok and wez silver pleted %o insure
againet sorroeion, This eilvered eup waes 1 em: from the
brasse sontainer whish with ite ground brase cover was gompletely
submorged in a copper sulfate bath., There was at least 7 om,



of sopper sulfate solution surrounding ihis brsss container,
:rm#'un&#: inte the sllvered cup the gwuuaa brass eover included
five brans ohimneys 15 om. in length,

For praventing heat transfer from the imnsr calorimeler
%o the sopper sulfate beth s 110 v. slternating eurrent
‘was papsed directly thmaugh the sopper sulfa%e solution using
1ts conteiner ss one sleotrode and & porforated insulated
copper shield sreund the brass container as the other electrede.
A stizver in the sopper mulfate bath eliminated the danger
of losulized heating and a waker oooled eopper soil lowered
the temperature of the bath when desired. This sssemdly
was then placed in an sty bath (Hemdrioks and Steindaek,
JoPhyss Choms ,56,1279(1928)) ot 85°C. constant tot,02%c,
The sabinet for the alr bath waw oguipped with the ususl
deviges for constaney including a meroury thermorsgulator,
a dry oell relay, an air fan with modey, & nichrom wire
hoating element #82 5 em. long, and a water vooled eepper
eoll and bank for ecoolings

- For measuring the ﬁmargy of the dirveet surrent, whioh

was supplied by twe & ve batteries vonnected in parallel,
used in equilivrating the heat equivalent of the ocalorimeter
the followling pleces of equipment were used: Type 'K'
potentiometer, Leeds and Nerthwup galvanometer, Standard
Weston Cell FE6507 of 1,0186 v., 0«8 D.C, ammeter, und a
Leeds and northrup Standard resistance of +1 ohm and 15 emps.

Material«e Special research silica gel from the Silica



Gol Coxporadien, Baltimeore, Maryland, was satisfactory as

& substance of rather definite surface strueture and high purity.
The gel ap received was sorted to Tirset pess a 3 mmi sieve

and be retained by u 2 mm. sleve. All disoclored; orumdly

and opalescent pariicles were separated fyom the eleay
teansparent ones over & black surfuace and Qiscarded,

| fun water veed for the hest »f webbing determinetions

wie low aonduotivity grades, The sulfuric asid and phospherous
penboxide were both oFf CuPs qualidy.

Progedure.« Three diffevent meihods Tor preparing
pilies gel with a definits water esntent weres followed in
this fnvestigation, Fired, following & procedurs of ven
Benmelen's, She gel wop suspended sn vacuum (a8 regards air)
in an atmesphaers of watey vapor from « sulfurie acid solution,
The pressure of the water vapsr wavrled inversely ae the
concentretion of the aeid soelullon and direetly am its
temperature,

Bevond, replacing the sulfurie ssid with phoephorus
pensexide and using an eleabric heating element srcund the
gol, the temperature und water vapor pressure of the gel
sould thexn be Iinereased with heat while the phosphorus
pentoxide retained at 25°C, ite original vapor pressure.

Third, in ¢ vecwam apparadus built in this lavoratory
the gel was heated Yo various tempevatures and evasustion of
the liderated water vapor was carried on %o a pressure of

+000) mme of meroury,



By these three mebhods it was possible So prepare gel
with water contents from 36.2% to 1.4% and reproduce these
goln st willy In $he first method the fact ¥hat the vapor
preswure of an atmosphere oan be controlled by using sulfurie
seid solubione was utilized. Using approximutely 2.5 g. of
£41 an recelived and working in quadruplicate through eleven
diflerent atmonpheres of sonirolled vapor pressurs spaced
from gere mme to saturation threugh four temperature ranges
the graph, Itz I, wae obisined, Thess adsorption-desorption
veversidle surves indieating ne hysteresis sould be duplieated
and were duplicated three years later whioh might indiocate
that the gel aid not deteriorate upon standing.

The gel 1n weighing betiyles was suspended in vacuam
ap regards siy over a definiis percent by weight of sulfurie
acid solutions An ordinary stoek botile was used and the
top mesled with a rubder stopper and paraffin. The whole
was then submerged in a constant water (o4l for the twe
highey temperatures) bath znd allowed to remain for four
dnyBy Mhmaé days were Tound suffioient in some of the ocsses.
At the end of this $ime the gel had adsorbed suffielent
water from the vapor to give a weight which was sonstant
at that vapor pressure and temperature. I¥s own vapor
preseure upder those oondiflons was then at eguilibrium with
that of the aoid solution over whiech the gel was suspended
and the water on the gel was svenly aistributed over the
surfaae of the gzel as regards total surface energy exposed,
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By this method gels could be reprodused at any desired
water sontent detween the limits of 4.6% to 36,26, Fo matter
what the water content of %the zel as received this method gave
expsoted vesulte within its vange,

The second method of wvarying the gel water ocontent was
by neans of heating the gel in vaouum over phosphorous
Pentoxide the latter held at 25°C. The result was o drive
off more wadey from the gel by inereasing ite water vapor
proggure %hus distilling water from a substance with a high
vapor pressure 0 that of a low vaper pressure nsmely the
phosphorous pentoxide, The gel was suspended in a three
liter round bottem single neoked flask fitted with a rubber
stopper, Thﬁough the rubber stopper periruded a stopooek,
thermocouple and two lead wires for the heating element wound
around the container for #&; gels The thermogouple wee
placed at the very surface of the gel (2 g« )4 The phosphorcus
pentoxide was placed at the bottom of the flask. The entire
flagk was then submerged in a 25%C, conatant water bath
3 «0D8°C, The gel prepared im this manner was tested for
known metallic elements by a medium quartz spectograph with
regults which showsd 1% remarkebly free from mettalie impurities,

In the third method vaouum technique was followed in
that the gel was headed at s final pressure of ,0001 mm, of
mercury end then =ealed offs This procedure reguired a longer

time than either of the other two methode and gave resulis
in agreement with those obtained with the gel prepared over
phosphorous pentoxides
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Reat Mensurementsn.~ The gel, sezled in evasuated bulde
8,6-2,0 om. in diameter, of Xnown water content, was placed
in the oradle prepared for it and immersed in the water of
the oslorimstery A volume of 125 ml. of water was used for
¥he determisations, The Beskmemn thermometer, stirrer, hesting
wlonents and thermopile were nlso endered in the 155 ml, of
wator, The assembly wag them resdy to be breught to
squiltbrion dempersture with the copper sulfate duth, aycund
the onter contaimey of the silversd oup, and the tempersture
of the air bath in whioh the entire apparatus was held.

This uqﬁi&&kﬂ&um shage requirved from four %o six hours.

It wen best %o bvegin all mespuvementy at 35%C. instead of
aitompiing t¢ end st an sguilibrium sbage at that Semperature,
The weason obviously was aseosiated with posnibilities of
heat sxchangess It was found thad Lhe heat transfer from

the silversd ouy to the cutmide wag very emsll dus 4o the

sir ingulation surrounding the cup if the coppsy sulfate

bath was held to within ,08°C, of the temperature of the
#ilvered eups Care wae always taken 4o bde sure no heat
aentered the system from an outside souree. The two Beokmaun
thermonetors and tharmepile gave two cheoks on the variations
of temperaturs between the lmner ealorimeter and eepper milfuba
batha |

The small metallie atirrer xwtating at about 100 rup.m.
gave no measureable head of stirrings As a preliminary test
of the apsombled calorimeter s hent eguivalent was taken and
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then $he whole sgein returned o 25°C. to eome o eguilibrium
for the gel runs When equilibrium at 25°C., had resulted the
buld wes broken at ite $#ip by the serew and usuaslly the bduld
wag completely shattered throwing the gel fresely into the
water, The rise in temperature of the inner calorimeter was
fallowed with the esame inorease in tempersture of the copper
sulfate bath. The entire appsratus was then cooled $e¢ 25%0C.
until equilibrium became evident which vequired one %o two
hoarss The heat equivalent was then determined and the average
of four trﬁmla.r&aar&edv

. The eleotrical snergy used for d¢temining the heat
equivalent was evaluated by measuring the veltage drop
aoroes the heavy acopper aonduetors leading te the heating
slement also measuring the wvolésge drop ascrose 8 sisndard
resisbances Betwosn one and ten readings for each of these
voltage drops were made during a run and the average taken
for oanlovlations, The most consbant source of current used
was that obtained from two & vy storage batteries connected
in parailel. Before using the current the batteries wers
aiseharged at @ like rate for Yen to thirty mimutes or wntil
eonstent vollage readings across a Enown resistance were
obtaineds After fully charging 1% was found expediant to
discharge the parasllel batteries at «1 amp for ten %o twelve
hours, thus hastening their equilibrium discharging sondition,

The heat equivalent was caloulated aecording teo

H{ealories) & Iantjaﬁza or BI%/4,18, The temperature rise
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¢f the elecirical heat equivalent was en exact reproduchion
of the temperature rise of 500 to ,005%°C, caused dy the gel.
Disgussion.~ Aceording te Adams (Physics and Chemistry
of Surfeses ps 200) the heat or enevgy liberated by wekting
& 8ilice gel vurface is dus to a destruction of total surfeocs
onergy+ The eguation U 2 Wpy « 1 335&— shows thal this total
sarfaee energy is» conmposed of freo suyface energy and labend
energy of the surface molecules themselves. U im Sotal enerzy,
Wg1 12 the work of adhesion oy free¢ ensrgy of webting, 7 is
absolute temporature, and T Wyl 18 & hest term or potential
snergy assoslated with the amrfuﬁﬁfmaieauianﬁ Availadle
date indicates thet most of the nn;?gy liverated by wetiing
migt be due t0 the latter term, This would indicate that
aetivated silica gel with 1tm‘&n¢xqmum ares and honeyeombed

shell presents & surface of eilics molecules waish have
tremendous potentlel energy. ,

Zeiguendy, van Bemmelen, and Asderson worked on Yhe
etatio sontrol of waber on fresh silica gel by means of sulfurie
aeld but evidently, working in the presence of alr, they aid
avt allow smple time for the adsportion %o reach equilibrium
for they found a decided hysteresis during the adsorpbione
desorpiion rungs In our data no noticeadble hysteresis was
obaserved unlesg its magnitwde was below ,001 gz« in 2,500 g,
A% times the gel required a2 longer interval to atsain eguilibrium,
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Table I
A,gi.g‘y " X/¥ 8t Teape mgwa _
15 85 40 60%¢
¥ 047 JO46 046 ,046
9.4 +O48 L048 ,047 JO4Y
8546 080 ,049 ,048 048
79,2 056 LOBE (054 ,053
1.8 «O%0 0868 ,087 L0685
6.9 #3108 L1085 ,101 ,099
5351 +174 4170 162 ,156
48,84 4251 242 B34 4285
38,8 #3865 BB ,882 518
1940 + 549 LB47 348 L3386
0040 +582 J3BB LB5L 341

Teble I gives the resulis of equilibrating siliea gel
over sulfurie seil solutions a% 15, 25, 40 and 60°C, The
gurves of £ig. T follow the same gensral shape for eash
faotherm and indicate a drepping off of a@aaépbtm ecapacity
at higher Semperatures, If the vaper pressurs ve % weight
sold curve at 25%C, is conpared %o the sbove curve of the
pane tenperature the two show great eimilarity im struokure
and Povecnst the shape of the vapor pressure - XI/M gurve.

Plotting $he XI/M values asgainst vepor pressure {Internsbionsl
Critieal Tadlem, 3, 803) values ab 26°C, givee a straight line
graph {(£ig+3) ﬁmiah oonld indicate that ag Rideal {Surface
Chemistry, ps 58) has etated, "The transition from a
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Fige 2= Adsorption of water vapor by
siliez gel at 25°C.
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manomeleovlar layer %0 a polymolecular aldsorbed layer, in
puoh a bulk thet its free surface would possess the Iree
sarface of the liguid &n bulk, is not sbrups.,” Changing
f£ige 2 iute & logwlog enrve (fig. 3) secording to Freundlich's
soprdinates gives a curve with three straight seations %e
whieh reference will be made laters

In testing the appliosbility of Freundlioh's, Patrick's
and Gregg's Adsorphion Bquatiens we will observe only the
central straight line section of the log-log graph of the
X/u « vapor prassurs surves at the warious Semperatures,
Figee 4, 5, and 6 give the genersl shape of the curves and
PTable IT the slopes and conebants af the lines. The variations

Pable II
Freundlich's Patyiok's Grega's
/s X 1/n X 1/n xvi0”?
18% 70T 70.66 fT44 1848 V6D 3048
85° L ¥ET ©8,23  .972  164l
400  LB25 15,85 «816 13,6
60° L8988 4.7 #BB0 1048 #8582 21,8

oysy ikq tn@pamature range in these figures are less in
?atr%@k'nvanﬁ Gregg'e than in Freundlieh's with fthe added
result thet Patrick's, as Oregg's log-log ieotherm ourves
all fall very olose together. As long as Patrick’s and
Crege's Adaérrtian Bquationa, however, do not give as they
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Fig. 3.- Treundlich's adsorption isotherm at 25°C.
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wors intended a means of caleulating edserption values atb

one temperature knowing them at snother, we will deal only

with Freundlich'e simple relaticnship. |
Curves from figs. 7, 7a and 7b are results paralleling

parts of the sxperiments of Bartell and Almy (J+Phys.Chem,,

86, 475 (1938))s The curves of figs 7 are quite identiecal

with their % water va T°C. of activation ourve, In buth figs.

7a and b the activation temperature was 260°C: and although

Bartell and Almy 414 not work af that temperature their results

st111 indleate a difference which might be explained by noting

that they worked with gels containing lees than 4% water which

is our value for gel of greatent activity, Obviouely therefore

their results are reasonable for they are probadly only removing

adsorbed geases and pome adporbed wabter in the 30 minutes

of heating at 3009C. without deetroying any of the internal

surface by this short astivation treatments A longer

neating periocd or higher iempermture would result in a

liveration of sufficient water Yo cause loss of setivity.

Tue to the unreversidility of the sotivity of the gel scontaining

less then 4% water Sariell and Almy's resulbs cannod

be expected to be exsatly parallel Yo thia work. Ter

maximum setivity they oconmcluded that 300°C. for 30 minutes

was best while we found avﬁ”as for many houre gave & gel of

higheet aetividy. They aleo sbate thet water sontent of a

gel is intimately connected with activity whioh sgress with

our resulis bul 40 not seem Yo place as much importance on the
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Tig. 7.~ Relation of water content to temperature of activation:
A, heating over Pg0g; B, heating and evacuating.
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Fige. 7a.- Relation of heat of wetting
to time of activation.
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10

% of water on gel.
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Time of activation in hours at 260°C.

Fig. 7be- The rel:ztion of water content to time of zctivation,
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activetion treatment,

In eovering the range of water sontent of the gel
from 0% o 36%, by weight, eommerolal concentrated sulfurie
acid would prepare a gel only as low as 4,74 water content,
0 go 8t1ll further the small vacuum eleectric furnace was
constructed which produced the series of gels from 4.7%
aaﬁn %0 1.4% water contents Taking 4,77 gel or gel
squilivrated over concentraoted sulfuriec seld and heating 1t
gradually from 25 to B00%C. produced the curve "A" of
Pige 7+ The noiticeable fact, as indleated by this curve
and later in the heat of welting measurements, is that a
change of condition of the water on the gel ogours a2t a
water content of 4%, A water content below the 4% point
produced a gol of lower activity as will be explained
later,

The transition of color whioh aceompanied the removal
of water wes interesting, With the application of heat the
gel became colored ranging from light tan to elmost blaok.
The darkest color oceurred during the preparstion of the
4% water content gel and that gel of lower water content,
The eolor 4id not in all cases indicate a more asctive gel
although when colored the gel was very active as measured by
heat of webtings Another observance was that 1f the gel
remained at the same temperature long enough the oolor would
disappear, leaving at that time s gel which was the most

notive at that partienlar temperature and water content,
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A longer %ime was neeeasary for fading of the eolox at the
lower temperatures. This color change sould be due to an
unsaturation of melecular forees (Cilbert H. TLewis, J« Am,
Cheme So004, 38, 784 (1916)), & difference of refractive
index (ne water prﬁsent on some surfaces), or s light interference
phenomanon due to a eondition of the inner surfaces with
respoch tb gach others Whﬁtaver aanﬁition does exist it
is romdjusted by conbinual application of heat. If sealed
in a vaeuum buld while ecolored the oolor will remain for
yeérs;if no heat ig applied ﬁeyun& reom temperature,without
logs of aoctivity.

On %$he theory that the heat of wetting value will
give an accurate means of evaluating sctivity determinations
of the hest evolved from wetbing gels of different water
content from l.4% 0 35,84 have been nmade. PFig, 8 and
table ITI give the sotual experimental values cbtaimed at 25°C,



% Water on
Gel

25480
34460
284,90
26480
84475
20435
19,90
17410
18,70
12,08

780

Table III

Ga%;{g.

010
0420
Eu20
8,76

4435
7«60
7480

10.80
15,88
16,10
22480

(»02)
{«04)
{408)
{»08)
{«0B)
{+06)
(«06)
{+10)
{+08)
{+08)
{+20)

£ Waser on
Gel

7210
B35
4470
4440
4418
4200
4,00
3450
2498
B2
1490
1.52
1ed2
0,00
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23,60 (420)

vgﬁuﬁﬂ {«20)

28,00 {420)
28,80 (,20)
30,00 (420)
50.60*

80"

29.10 (+20)
28,90 {+10)
27:10 {410)
26,88 (.10)
26,30 {,08)
24450 (,08)
00,00
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The valmes are the mean from a’ least six trials with the
maximun deviations in bracketsy In the region of greatest
aotivity the valuee obtained were variant due to a possidbility
that in thig highly active condition emall changes in the
gel structure and manner of activation will cause a great
differvence in activitys The poiny "33 eaiartes” ig an
interpolated one for velues above 30 calories were diffiomnlt
to duplicate, Below 4% water content the gel activity was
reduced probably by demtruction of 1ts interior asiive surface,
while for 0% water (fused gel) the particles seemed to be
negative to webttlng although the transperent particles were
wﬁ%t;ﬂg

Referring to £ig« 8 that portion of the ocurve on the
right side of the 4% gel was a perfestly reversible procedurs
but that portion of the curve on the left of the most
setive point, 4%, wes not reversidle. That is, once the gel
had been activated 56 & water econbent of less than 4%, the
high aetivity of 32 cal,/ g« of gel eould not again be reached.
In other words, onae the water balow 4% had been removed it
could not be replaced on the gel with & corresponding lnorease
of metivity $o0 32 cal./g of gel resulting,

Titting the egquation of a oircle to the experimental
points of the curve of fige 8 the exbended line orosees the
% water axie at 37+7% whick will be taken as the total amount

of watar filladle mpace of the silica gel. Ray snd Ganguly
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gave 37.5% wator content a® the saturation limit for their
g1y In an eavrlier experiment by Ikerman (unpublished) conducted
in $his ladorstory on this gel a volume of ,333 8.0, was
deternined as the volume of water taken on at saturation, If
we subbract Trom 377 (considering the Sotal water onm the gel ae
averaging a density value of 1.00) $he value of 040 giving «387
€.0sy Yhem our value for the volume of water on the gol at
saturntien ocompares favoradly with the former valus of 333 o.c.

The heat of webting of silica gel of varying amounts of
water bhave Leen evaluated by Patrick, Ray end CGanguly, Patrick
and Grimm, Patyriok and Oreider, Bartell end Almy, and Bartell
and Fu with values ranging from 19 to 26 eals/gs Tor their most
aétivm @l The values for the heat of wetting by these suthors
are also given on fig. 8 ap accurately as their water contents
will permite With these various values indicating elther a
Aifference in water content of gel, activation, or gel struoture
investigators are quite evident %o d4iffer in resulis obtained
unless a4 knowledge of the éntire ﬁietaxy of each gel sample
indicating paralleling work i» suffielent proof of the
duplieability of results,

Bartell snd Fu (Colleid Sym. Wono,, ¥,185 (1929)) have
caleulabed the specific surface of silica from adhesion
tensien dats using an equation of the Gibbe Hemholizm type
and obtained s value of 4.5 x 108 om®, They used for their
value of change of latent energy of the molecules »,1511
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arsu/em? whioh 48 the value for water therefore neglecting
the potential energy aseociasted with the silica surface
molecules, They also obtained a value of 24.31 cal./ g
of hydrated (4% water oontent) silica for the heat of wetiing
of water and essumed that the surface exposed was predominately
silica molecules oreating an avea of 7.5 x 10% on® caloulated
| by the equation employed by Patrick and CGrimm, Also, Bartell
and Fa from an equation simllar %o one presented by Harkine
snd Ewing and from interfaciasl tension data esleulated an
area of 4,5 x 108 am? for a dehydrated gels This value of
24.3) cal./g. of gel is distinetly above that obbained by
Bartell and Almy but the aetivation history of the three types
of gels 1lg slso different as iz thelir water content. A gel
from the date of Bartell and Fu with a water sontent of 4%
develops the highest heat of wetting which indicates that
their gel also has a high setivity point at 4% water content.
Figs 9 i8 an attempt to ecompare our heats of wetting
valugs with the net hests of adsorpiion of other lnvestigators.
The resulte of the experiments of Lamb and Coolidge asgreed
with their empiriecal equetfon and fig, 10 indicates that heast
of wetting valuee will slso determine a straight line exceps
for the mopt active gel. The total heat of adsorption in thié cage
wae determined from table IV where the change in cal./g.
of gel for .01 g of water from 4% to 37.7% is tabulated,



Cal./ge. of gel due to water adsorbed.
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Padle IV
% Water on  Cal./g. »8 Cals DRLL,
lMl Gel /AVQ »
Ogs
Water
4% 82400
9 3788 4478
B 28.85 2,00
¥ 88460 146D
8 28.00 1460 2,80
] 20450 1450
10 19,00 1.60 1404
1l 17,60 L e 40
12 18415 1,45 1.48
i3 14,90 1+30
14 15 .68 1425 26
16 18,80 1418
16 11448 1405 1,80
i 10440 1406
18 .48 «95 Y13
19 8,60 +BB
20 P10 +90 94
21 6490 +80
28 615 «78 «39
83 5440 «16
24, 4,70 210 7B
28 4,10 - +60
geé 3450 «60 +80
27 2498 « 55
28 8,50 «48 b8
B9 2,08 +45
3@ 1460 m&ﬁ' nlﬁ
31 120 +40
58 +20 «30 440
o bl 80 00
34 « 5B +5B
5& L 3,-5 * 20
377 0+00 w15

Adding the heat of condensation of the total nuaber of

O g» éﬁ water %o the tobval change in cal,/gs of gel caunsed
by thie amount of water starbting at 4% gel and 32 cel./gs of
gol will give the to%al heat of adsorpilon,
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In £ig. 11 en attempt is made to apply an equation %o
the heat of wetiing data in order to be adle to determine
the heat of wetting obtainable from a gai of knbwm water
esontent, with referense to the gel used im thim experiment.
The graph is semi log with the oals/ g« of geol ag the unit
scale and the % water content of the gel as the log mosle.
The centrsl portion falls on a deocldedly straight line but
the extremities deviate from tha equation given directly
beneath the figure, and one of the deviations is at a water
content of 8%,

In an experiment on determination of sdeorbed water
density of varying amounte of water, Ewing and Spurway
{JadmaChomeSocs 58, 4685 (1930)) indiecated a break in the
% water adsorbed ves density curve at a water content of
approximately 8% whioch agrees with sur firet discontinuity
in fige. 3 and 11+ In their data the bresk comes at the
4% point but in the preparation of their gel 4% water was
with the gel before the addition of their Tirst 4% water,

It iﬁ noteworthy that the simple relationships observed
by Ray and Ganguly as to the ratio of mols of water %o mols
of gilice wore observed in théme results. At the point of
greatest activity ( 4% gel) the ratic is 2 mols of water %o
15 mols of silien while at the saturation point the ratio
becomes 30 mole of water to 15 mols of eilioca.

In order to explain the heat effeet cbmerved upon
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lumersing s gel in water as dus %o dastruation of & surface
118 ares must be evaluated. As the areas caloulated for silica
891 or silea have varied from 4.5 x loaemga $6 13 x 10%em,%
depanding on the thesry, nmethed, liguid for wekbing or
sondition of gel ueed and alse the aaourasy we will refer

%o Tigss B and 11 for data on which %0 base our asesumpbions
for arens The sbraigshté lines drawn through the three miraizhs
porilone of Digse 3 indicate a uhgngd in the gel condidion or
gel water sondition, Tikewlise the curve of fig, 11 shows

fwo chenges in a2ebivity at approximately the same points thak
ware indicated in figs B« The first point, that of gel of

BE water eontent, will serve as evidence to aseume thet when
gel has 8% water on 1%_&&&% the surface of the gel im eovored
by a monemoleeuler layer of water melesules, In this
sspunption Langmuir's theory of monemsleowlar aldmorption over
a plain surface is agoapted and 2 further assumpiion that

the gel will in part axhibif sueh a plain surface. Areas
eoversd by s given amount of wateér are caleulated from "n"
equaln 64,06 x maﬁﬁ, Tangeuir's valus for the area covered dy
one moleeule of waler of T4 x.la*l&nmga, and that the adaorbed
water has s denpity of liguid waters If 4% water is the
lowest velue bYefors the gel bagine to loge ite asbivity

$hie might indieate that the first 4% water is an integral
part of the siliea gels Then the next 4f water is that

water covering the silica gel surfsce with & monomoleeuiar.
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iayer, when ealoulated this area becomss 1 x 10%em,2,
PatrioRk has shated that the internsl area is much less than
éx lﬁﬁemwa and that the initial stuges of sdsorpiion of
water consist of the formation of a monomoleenlar layer over
the surface.

Table IV lists the =« ocal./ g« of gel/ 01 g« of water
adsorbed by the gels In this data, taken from Tige B, ave
gr@ﬁ@ed the above values and with thelr averages per 0L g
of walter for changes of .04 gs of water adsorbedy The
differences ﬁaﬁwnﬁm}%hﬁ gyarages 18 grestest between the first
and second groupings while the averages for the next four
grouplngs and the second group deorease in quite regalar
valuey

Another assumption muet be made te account for the
snormous enorgy literated from such a small ares nemely,
thet the surface of the gel is dry at the 4% point and that
4o destroy the botal energy associsbed with the surface by
webting with water is the seat of moeb of the energy. To
goupletely wet a surface, s¢ tha¥ further waler will only
destroy a water eurface, requires al leset five or six layers
of water woleoules, Seleoting six as the number of layers,
the weighi of water per gram of gel needed will be +24 g
Inereasing by «04 g» and the end of the second straighd
portion of the wsurves of figs ¥ and fig. 11 is reached
at «38 g, or 384 waber, The curves seem to indicate the



26

brt¢k7at s38 g+ but a statement later will explain the
reason for the previous decision,

In the equation u & WA ~ P(4W,;/aT)A, where "A"
is the area, we are given the value of 156.6 erge/ om.2
for the adhesion tension of woier against silica dut ere
not given the faetor dW,, /d%. Ase long as "u" is obtained
experimentally and "A" bWy assumpiisn aW§1/dm csn be c¢aleulated
beooming approximately equal to ~4.00 ergs/em,®, This would
indioate the high activity or potentisl energy of the
gurface moleeules that was preldioted esarlier. To determine
the heat evolved when a water surfaee 18 destroyed involves
only the total surface snergy of s dbulk ligquid of water:
wE (72,8 x1x20% § 298 x 4 x 1 x20%) / 4,185 x 107 =

2.8 eal,

Returning to figs, 3 and 11 a break in the curves is noted
at approzimately this point which might indicate a saturation
of the silica surface and destruction of only water surface
from there on %o complete submersion in water. An interesting
experimental observation ie that gel equilibrated in an
atmosphere saturated with water vapor Qill still exhibit a
heat of wetting when immersed in water liguid, This
indication of capillary condensation smounts %o 28% to
55.8% water content, Assuming that the total surface iz
sovered by a layer of molecules six deep and that capillaries
present at the bveginnine will be 80 nearly filled by these

layers of water that a dietinot depression of the vapor
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pregsure results until at the point 35,87 the capillaries
are T4lled and the entire surface presentes at this point
a %Yotal surfece of water identical &ith bulk water. At
this point and temperature 2 state of equilibrium will
exist belween evaporation esnd condensastfon mo that the
$o%al wolght of water on the gel will net increases This
sondidion will exist with water vapor until water liguid
weduoes the remaining semi~onpillary spsces by flowing infe
thems The net heat of adsorption of a gas or vapor on
#ilioa gel will always be &l ightly lower then the heat of
wotting.
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Summa ry

1« An adworpt lon<desorption curve of water vapor on silics gel
showing no hyeteresis was ebbainsds

8¢ AMsorpiion isotherm equations were applied to the abeve
repults.

3. The aotivily wee evaluated Tor gels of varying water
content ae heet of webting messurements.

4y A maximum in the heat of wetting determinations at a
water content of 4% for this psrtlculer silica gel was
obeerved.

B+ The q&%ivaﬁian of the gel muet‘ﬁa gayried out carefully
se that the water on the gel is evenly distributed over the
surfaes oy at least 15 In a shate of equilidrium with the
gel surface,

64 An area of 1 x 10% omi® 18 postulated am the totel
welktable suFtace of this silies gel.

7+ There iv an indication that the first water on the gel
is momomolesular, the mext as a polymolesular (five to eix)
layer, and the final as water eendensed in the remaining
porsion of the caplllaries.
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